( Fig. 2A) , the pH 9.2 RNA is the only nonribosomnal, acid-insoluble RNA synthesized in the lampbrush nucleus that we have been able to detect.
Ferritin has been found in erythroblasts by electron microscopy (Bessis and Breton-Gorius),' and hemosiderin, a derivative of ferritin, has been detected in reticulocytes by histochemical techniques (Matioli) . 2 The presence of ferritin in hemoglobinopoietic cells opened the question of its origin. A widely accepted view, based on electron microscopy, suggests that ferritin is transferred through a process similar to pinocytosis from macrophages to the surrounding erythroblasts.' It follows from this theory that the gene for apoferritin synthesis in erythroblasts should be constantly repressed. Further, the destiny of the iron absorbed by the erythropoietic cells, regardless of the stage of maturation, would serve mainly for hemoglobin synthesis.
No direct proof has been presented, however, for the transfer of ferritin from miacrophages to erythroid cells. In fact, splenic macrophages have been shown to remove ferritin from mature red blood cells and reticulocytes. 3 The possibility occurred to us, therefore, that erythroblasts may actually synthesize their own apoferritin. 4 The aim of the present work was to give direct proof of the synthesis of apoferritin within the hemoglobinopoietic cells.
Materials and Methods.-Male albino rabbits of about 7-8-lb body weight were employed and divided into four groups. The first group were injected subcutaneously with lead subacetate 60 mg/lb once every 2 days over a period of 15-20 days. Some of them were injected with 30 mg of ferrous sulfate intravenously three times a week for 2 months. At the end of the lead treatment, acetylphenylhydrazine was injected subcutaneously at a dose of about 7 mg per rabbit every 2 days for 6-7 days to promote intense reticulocytosis. Three days after the last injection, blood was collected by heart puncture.
The second group of rabbits received subcutaneous injections of 3 ml of turpentine in order to promote local aseptic inflammations. After 7-8 days, abscesses started to form that opened in 3-4 days giving exit to pus. Each animal received four injections of turpentine over a period of 45 days. At the end of the turpentine treatment, the rabbits were injected with 25 mg of acetylphenylhydrazine every 2 days for a week as in the preceding group.
The third group were injected intravenously with 30 mg of iron three times a week for a month, and subsequently with acetylphenylhydrazine.
The fourth group (controls) were injected only with acetylphenylhydrazine.
In the control group and in the rabbits treated with turpentine and iron, the reticulocyte concentration was about 80-95% of the total cells, while in the lead-intoxicated rabbits the reticulocyte count ranged between 25 and 30%.
Production of antiserum to rabbit ferritin: Twice-crystallized rabbit ferritin, prepared according to the procedure of Granick, 6 was employed for the immunization of chickens. The chickens received 20 mg of ferritin intravenously, and subsequently 5 mg of ferritin in Freund adjuvant mixture twice a week for a period of 2 months. The serum was capable of precipitating 750 ,ug of ferritin per ml.
In vitro incorporation studies of C14-DL-leucine into apoferritin and hemoglobin: The rabbit blood was collected by heart puncture. The cells were washed four times in 15 vol cold saline, and the buffy coat was removed completely by suction. Reticulocytes were incubated in a mixture of amino acids and plasma of anemic rabbits or in a modified Krebs-Ringer solution with similar results. The composition of the amino acid mixture-plasma incubation medium was the same as the reaction mixture of Lingrel and Borsook.6 The modified Krebs-Ringer solution was prepared by mixing 0.8 ml of 5.75% KCl, 0.6 ml of 3% CaCl2, 0.2 ml of 10.57% KH2PO4, 0.2 ml of 19% MgSO47H20, and 20 ml of 3.6% NaCl. To this solution, 40 ml of the amino acid mixture and 100 mg of glucose were added, and the volume was brought up to 100 ml with distilled water. To 86 ml of this solution was added 16 ml of 1.3% NaHCO3 and 200 mg of serum albumin, and 1 mg of iron bound to bovine transferrin (Calbiochem). The ratio of the volume of packed cells to incubation medium was 0.2-0.3. Penicillin and streptomycin were added to make a concentration of each equal to 30 lug per 100 ml of cell suspension. Usually, 15 Mc of C14-DLleucine (specific activity 22.3 mc per mMI) were added to each 40 ml of the reticulocyte suspension. The final pH of the incubating medium was about 7.6. The incubation was carried out in flasks in a waterbath at 370 open to the air or in an oxygen: C02 mixture (95:5) and rocked at 70 cycles per min.
When tenuazonic acid was used, the incubation medium was made 3 X 10-3 M for this compound. The cells were preincubated with the tenuazonic acid for 10 min before addition of labeled leucine.
Isolation of apoferritin: At various times, aliquots of cells were drawn from the incubation flask, washed twice with 40 vol cold saline, and lysed with distilled water. Subsequently, the lysate was centrifuged at 15,000 g for 20 min at 40C and the clear supernatant fluid carefully removed.
Ribonuclease (Sigma, 5X crystallized) was added in the proportion of 5 mg to 7 ml of supernatant fluid in order to prevent gel formation. Digestion occurred at 370 for 1.5 hr. Rabbit ferritin was added as a carrier to each supernatant fluid in the proportion of 250-300 Mg per 10 ml, and the supernatant fluid was divided into two aliquots. The first was spun at 40,000 rpm for 2 hr in a Spinco Model L ultracentrifuge in order to concentrate the ferritin. Approximately 90% of the supernatant liquid containing hemoglobin was gently removed. The pellet was redissolved by gentle stirring, the tube was refilled with distilled water, and centrifuged again at the same speed and time as above. Again, about 90% of the supernatant fluid was removed and the pellet was redissolved in 3 ml of water. The clear supernatant fluid was used for antibody precipitation.
The second aliquot was treated with 50% saturated ammonium sulfate for 20 hr in order to precipitate ferritin, while hemoglobin remained in solution. The precipitate was washed several times with 50% saturated ammonium sulfate and dissolved in saline. The entire procedure was repeated several times, and finally antibody was added to the ferritin solution. In some experiments, the ferritin-hemoglobin solution, after isolation by high-speed centrifugation, was applied to a 10-35% sucrose gradient and centrifuged at 40,000 rpm for 3 hr. Two well-separated bands were formed, the upper band containing hemoglobin and the lower, brown in color, containing ferritin. The ferritin band was isolated by slicing the tube.
Antibody precipitation technique: One ml of chicken antiserum was added to the solution of ferritin and hemoglobin after high-speed centrifugation. NaCl was added to a final concentration of 7%. The antiserum was allowed to interact at 370C for 1 hr at which time precipitation occurred. The yellow precipitate was then collected by centrifugation, mechanically dispersed, and washed four times in large volumes of cold saline, washed twice in 5% trichloroacetic acid and ethanol:ether (1:1), dried at 700C, and dissolved in 0.5 N KOH and applied to filter paper. The radioactivity was measured in a Nuclear-Chicago refrigerated scintillation counter.
Isolation of hemoglobin: Aliquots of the lysate, after removal of cell stroma and debris by centrifugation at 15,000 g for 20 min were treated with 5% trichloroacetic acid in order to precipitate hemoglobin. The precipitate was washed twice with trichloroacetic acid. The heme was removed from the globin by three extractions with cold 0.5% HC1 in acetone.
Results. -The incorporation of C14-leucine into apoferritin of reticulocytes was followed as a function of time as shown in Figure 1 given: (A) turpentine, (B) lead subafter which it fell and continued to decline for acetate, (C) ferrous sulfate, and (D) the 2-hr period until a value of only 30-50 per no injections. cent of peak activity was found. Apoferritin synthesis in the lead intoxication may be slightly inflated because of the presence of about 1-3 per cent erythroblasts.
Hemoglobin biosynthesis was followed simultaneously with ferritin biosynthesis by incorporation of C'4-DL-leucine as shown in Figure 2 ; reticulocytes from the same animals as in Figure 1 were used. Although the trichloroacetic acid precipitate from the cellular supernatant fluid (after 15,000 g centrifugation) was counted in lieu of isolated hemoglobin, it has been shown that more than 90 per cent of this protein can be accounted for as hemoglobin. '6 32 It is apparent that the hemoglobin biosynthesisis quite similar in each case. The same ratio X r\ of gc C'4-DL-leucine to ml of reticulocytes corporation of leucine into ferritin is most pronounced in the first 0.5 hr and subsequently falls rapidly with respect to the hemoglobin. Furthermore, the lead and turpentine produce a large stimulation in ferritin synthesis but at the same time (0.5 hr) show a lower hemoglobin synthesis.
In order to see if the incorporation of leucine into ferritin and hemoglobin could be inhibited, tenuazonic acid was used with the iron-stimulated reticulocytes. It was found that 80 per cent inhibition of activity in ferritin resulted in the 0.5-hr and 1-hr samples. For hemoglobin, about 70 per cent inhibition was found.
Electron microscopic analysis of reticulocytes of control and iron-treated rabbits showed a few cells, 2 and 10 per cent, respectively, containing hemosiderin granules and very few isolated molecules of ferritin. By contrast, in the reticulocytes of rabbits treated with lead, 20-30 per cent of the cells contained hemosiderin granules and a variable number of isolated molecules of ferritin in the cytoplasm. In Figure  4 , a typical reticulocyte from a lead-intoxicated rabbit is shown. Two masses of hemosiderin are surrounded with isolated ferritin molecules. In almost every cell the dispersed molecules of ferritin were more concentrated in the vicinity of the hemosiderin granules.
Discussion.-The results shown in Figure 1 clearly establish the ability of reticulo- cytes to synthesize apoferritin. The incorporation of leucine into apoferritin is markedly stimulated in the cases of lead intoxication and turpentine treatment, whereas the hemoglobin biosynthesis is diminished, particularly at 30 min. This result brings up a reconsideration of the origin of ferritin in erythroid cells. Bessis and co-workers' have discounted the intracellular synthesis of ferritin and concluded that all of the ferritin of erythroblasts and reticulocytes originates by transfer directly from macrophages in the bone marrow. The present demonstration of apoferritin synthesis in reticulocytes, however, suggests strongly that the ferritin of erythroblasts'9 arises predominantly from intracellular protein synthesis. Although some transfer of ferritin may occur in the bone marrow, it is possible that the direction is from erythroblast to macrophage rather than vice versa as proposed from electron microscopic studies. In fact, the demonstration of ferritin and hemosiderin removal from red blood cells by the spleen (macrophages) supports the erythroblast to macrophage transport.' One of the pronounced features of the apoferritin biosynthesis in each case except turpentine treatment is the decrease in activity with time such that after 2 hr only 30-50 per cent of the 30-min activity is found. This result is in contrast to the hemoglobin biosynthesis which appears to approach maximal activity only after 2 hr or longer. The peak of ferritin activity falls near 30 min. This result can be explained on the basis of the electron micrographs which show the ferritin to be present as hemosiderin in the lead-intoxicated, iron-stimulated, and control cells. It has been shown that hemosiderin is a degradation product of ferritin.7 Actually, in Figure 4 , it is evident that most of the observed iron -is present as hemosiderin granules with only sparse distribution of ferritin molecules. Apparently a comparatively rapid conversion of ferritin to hemosiderin takes place as shown by the curves of Figure 1 . This conversion can be represented by a consecutive irreversible reaction as: ki k2
pool amino acid --ferritin -. hemosiderin.
A rough estimation of the rate of formation of hemosiderin from ferritin can be made by a comparison of curves A and B. Curve A can be assumed to represent the formation of ferritin only (although some hemosiderin is formed since the 1-hr activity exceeds the 2-hr activity). Although the two curves parallel each other up to 30 min, at 1 hr there is a large difference which is due to hemosiderin formation in lead intoxication. Thus at 1 hr, the activity in the hemosiderin will be 530 cpm/ml reticulocytes. By a series of-approximations, it was found that for ki = 0.045 and k2 = 0.018, a reasonable fit of the theoretical curves with the experimental was achieved. For this computation the ferritin concentration is given by 2(ec-.om89-e-0 045t) and hemosiderin as 2(1 -e-0018') -(1 -e-0045t) where t is time in minutes. This gives a klmk2 ratio of 2.5. It is assumed in this calculation that the equilibrium of the labeled leucine with the amino acid pool is rapid with respect to ki and k2. It has been shown'7 that of all the amino acids, L-leucine is transported most rapidly across the erythrocyte membrane, and that within 1 min the distribution has reached 80 per cent of the equilibrium condition. Although no data giving absolute values of k, and k2 are available, Loftfield and Eigner8 found in the liver in vivo that about 6 min was required to form a ferritin molecule. Assuming this value for reticulocytes (although it may be much slower for many reasons like lower polysome and iron concentration, etc.) a value of about 15 min is obtained for the conversion of one ferritin molecule to hemosiderin. This figure is only a very rough approximation but is probably representative of the iron-stimulated and control cells as well since curves B, C, and D resemble one another. The formation of hemosiderin, therefore, accounts for the decrease in activity in the ferritin recovered from reticulocytes. The possible degradation of messenger RNA (by ribonuclease) would not explain a decrease in activity with time. Likewise, it would be difficult to explain this result by invoking generalized proteolysis and hemolysis since the hemoglobin does not show this behavior. The estimate of 15 min is conservative since some hemosiderin is formed in reticulocytes from the turpentine-treated rabbits. Here again a correlation exists between the results shown in curve A and observations with the electron microscope. According to Bessis and Breton-Gorius, I in inflammation the ferritin of reticulocytes appears to stay in a dispersed state rather than form hemosiderin masses. From Figure 1 it can be seen that curve A reaches a peak at about 1 hr and falls only slightly at 2 hr in contrast to the other curves. Apparently the formation of hemosiderin is retarded in the case of inflammation as in other pathological conditions.'
The isolation of ferritin in the presence of large amounts of contaminating protein has been carried out from liver.8 In this study, identical results were obtained regardless of isolation procedure-precipitation with antibody, precipitation with ammonium sulfate, or sucrose-gradient centrifugation. With the antibody precipitation it was necessary first to concentrate the ferritin and remove most of the hemoglobin by centrifugation. Although most of the C'4-leucine is incorporated into hemoglobin, it is very unlikely that the isolated ferritin contained any hemoglobin. I or the control and iron-stimulated reticulocytes, the C'4-leucine content of the ferritin is about 0.05 per cent and less of the hemoglobin. The finding of lower activity in the ferritin from reticulocytes with the highest hemoglobin activity shows the unlikelihood of contamination. Also, the increase in hemoglobin activity from 0.5 hr to 2 hr with concomitant lowered ferritin activity attests to highly pure ferritin.
The results of inhibition by tenuazonic acid of both apoferritin and hemoglobin biosynthesis are consistent with its action on liver and ascites tumor systems.10 This result shows conclusively that extraribosomal exchange cannot account for the C14-leucine found in ferritin or hemoglobin.
The highest ferritin/hemoglobin ratios of leucine incorporation were found with the lead intoxication and turpentine treatment. From Figure 3 it is seen to be 0.2-0.3 per cent at 30 min and much lower for the control. For erythroblasts,19 it is roughly 10 times larger. The high ferritin/hemoglobin ratio in lead and turpentine cases reflects primarily an elevated ferritin synthesis. However, an increase in ferritin synthesis as a rule was associated with a somewhat lower hemoglobin synthesis. This suggests a relationship analogous to that observed in certain anemias like thalassemia in which large hemosiderin and ferritin concentrations are observed in erythroid cells by both electron microscopic' and histochemical techniques.2 9
It is well known that iron has the capacity to induce hemoglobin and apoferritin synthesis in cells of different tissues. It appears from our results that iron induces the synthesis of the two proteins in the same erythroid cell. On the basis of electron microscopic and microspectrophotometric studies," ferritin synthesis must occur in erythroid cells before hemoglobin production. Furthermore, iron absorption is very active in the youngest erythroblasts and decreases as the cell matures. '2 Miicrospectrophotometric studies suggest also that the very early erythroblasts contain large quantities of iron, sufficient to assure a normal hemoglobin production, without need of additional metal.'3 It has been suggested that too much iron inhibits hemoglobin synthesis primarily by blocking certain steps in the synthesis of the heme. 14 It is tempting, therefore, to propose that erythroblasts possess a mechanism of regulation of hemoglobin synthesis by control of the level of free iron within the cell. One molecule of apoferritin binds 2000 or more atoms of iron which is 500 times more than one hemoglobin molecule. Apoferritin synthesis could represent an efficient and economical way for the cell to regulate hemoglobin synthesis. On the basis of the scheme of Jacob and Monod'5 for the genetic regulation of protein synthesis, it is proposed that in the erythroblasts the regulator for apoferritin synthesis responds to high levels of iron by formation of an inactive complex which thereby derepresses the apoferritin gene. As apoferritin is made, iron is required in large amounts to give ferritin. The level of free iron in the cell drops sharply to a level commensurate with the synthesis of hemoglobin. Thus the concentration of iron within the cell is kept at a convenient level by the presence of apoferritin. As the cell matures, less iron is absorbed. The repressor for apoferritin synthesis would progressively increase in concentration and lead to an inhibition of the apoferritin gene. In this way iron would be preferentially utilized for stimulation and production of hemoglobin. Consequently, by the time that the cell loses its nucleus, the reticulocyte will contain a large amount of messenger RNA for hemoglobin and only a little messenger RNA for apoferritin.
As in the case of reticulocytes from iron-treated rabbits, the increased apoferritin synthesis, with respect to the controls, indicates a response to stimulation by the iron. In the experiment with lead, it appears that the small block in hemoglobin synthesis may account for the increased stimulation of apoferritin (curve B) by allowing more iron to complex with the apoferritin repressor. This effect is enhanced as shown by curve E where iron as well as lead has been given. In this case, the apoferritin synthesis responds dramatically while the hemoglobin synthesis remains about the same.
In the inflammation experiments, the increase of ferritin synthesis is difficult to interpret. Hypochromic anemia results in animals with inflammation processes of long duration. In other words, it appears that also in inflammatory anemias hemoglobin synthesis is depressed. In fact, in curve A of Figure 2 , it is clear that the hemoglobin synthesis is subnormal in the first hour. More iron would then be free to stimulate apoferritin synthesis, as in the case of lead intoxication.
The synthesis of ferritin by erythropoietic cells opens a new field of investigation in thalassemia, where hypochromicity of red cells is associated with an enormous increase of ferritin. It is the aim of future work to establish if this phenomenon is a consequence of a genetically determined hyposynthesis of hemoglobin, or if the ferritin production is in competition with the hemoglobin synthesis as a result of a disturbance of specific repressors that control the genes for the two proteins.
We wish to thank Professor R. F. Baker for the electron microscopic facilities. In addition, we
